gramming somatic cells to induced pluripotent stem cells (iPSCs) eliminates many epigenetic modifications that characterize differentiated cells. In this study, we tested whether functional differences between chronic obstructive pulmonary disease (COPD) and non-COPD fibroblasts could be reduced utilizing this approach. Primary fibroblasts from non-COPD and COPD patients were reprogrammed to iPSCs. Reprogrammed iPSCs were positive for oct3/4, nanog, and sox2, formed embryoid bodies in vitro, and induced teratomas in nonobese diabetic/severe combined immunodeficient mice. Reprogrammed iPSCs were then differentiated into fibroblasts (non-COPD-i and COPD-i) and were assessed either functionally by chemotaxis and gel contraction or for gene expression by microarrays and compared with their corresponding primary fibroblasts. Primary COPD fibroblasts contracted three-dimensional collagen gels and migrated toward fibronectin less robustly than non-COPD fibroblasts. In contrast, redifferentiated fibroblasts from iPSCs derived from the non-COPD and COPD fibroblasts were similar in response in both functional assays. Microarray analysis identified 1,881 genes that were differentially expressed between primary COPD and non-COPD fibroblasts, with 605 genes differing by more than twofold. After redifferentiation, 112 genes were differentially expressed between COPD-i and non-COPD-i with only three genes by more than twofold. Similar findings were observed with microRNA (miRNA) expression: 56 miRNAs were differentially expressed between non-COPD and COPD primary cells; after redifferentiation, only 3 miRNAs were differentially expressed between non-COPD-i and COPD-i fibroblasts. Interestingly, of the 605 genes that were differentially expressed between COPD and non-COPD fibroblasts, 293 genes were changed toward control after redifferentiation. In conclusion, functional and epigenetic alterations of COPD fibroblasts can be reprogrammed through formation of iPSCs.
THE REPROGRAMMING OF SOMATIC cells by defined transcription factors has allowed the derivation of induced pluripotent stem cells (iPSCs) with similar functional and molecular phenotypic characteristics to embryonic stem cells (ESCs). Like ESCs, iPSCs have the capacity for self-renewal and can differentiate into mature cell types. iPSCs promise to advance regenerative medicine in several distinct ways: as therapeutic agents themselves (39) , as a source of differentiated cells (9, 16, 17) , or, as in the present study, as a model system to explore the role of epigenetic reprogramming in abnormally functioning cells.
Chronic obstructive pulmonary disease (COPD) is a progressive inflammatory disease of the lungs, the third leading cause of death in the United States, and the only major cause of death that is increasing. Existing therapies for COPD modestly improve airflow and symptoms, but no currently available treatment meaningfully slows disease progression or reverses the structural changes that compromise lung function. These structural alterations result from lung damage in the face of a compromised ability to mediate repair (31, 42) . Restoration of normal tissue repair could slow the progression of disease and, potentially, restore lost lung function and is, therefore, an appealing novel approach for the therapy of COPD (35) . Fibroblasts are the major cells responsible for production and remodeling of extracellular matrix. In addition, they are potent sources of growth factors and can modulate the proliferation and function of epithelial and endothelial cells. Moreover, they respond vigorously to a variety of mediators that are released at sites of injury (31, 32) .
We and others have shown that fibroblasts isolated from COPD patients have abnormal repair functions and gene expression compared with fibroblasts of matched controls (14, 20, 27, 28, 42) . Importantly, the differences between COPD and non-COPD fibroblasts persist with extended culture in vitro, suggesting an alteration in the differentiated phenotype (14, 20, 28) . Alternatively, the differences between COPD and non-COPD fibroblasts could reflect underlying genetic differences, or both genetic and epigenetic mechanisms could contribute.
Fibroblasts isolated from various tissues are well recognized as having phenotypic differences, much as epithelial cells isolated from different tissues do. Unfortunately, there are few well-characterized molecular or surface antigens that serve as markers to distinguish different fibroblast phenotypes. Recent studies have used global gene expression to characterize fibroblast populations (21) . However, distinct populations of fibroblasts are most commonly identified by functional characteristics (29) , as has been done with fibroblasts from non-COPD and COPD patients. These studies have identified a number of differences between fibroblasts from non-COPD and COPD patients. Among these, fibroblasts from COPD patients contract collagen gels less and migrate toward a chemotactic stimulus less robustly and differ in gene expression (27, 42 ). The present study tested the hypothesis that reprogramming fibroblasts into iPSCs followed by redifferentiation into fibroblasts would reverse differences between COPD and non-COPD fibroblasts.
MATERIALS AND METHODS
All experiments were done in triplicates. Cell lines. Primary lung fibroblasts from three patients with COPD and three patients without clinical or functional signs of COPD (non-COPD) were included ( Table 1) . Fibroblasts were obtained from normal-appearing areas of the pulmonary parenchyma regions of surgical specimens from patients with COPD. Non-COPD fibroblasts were obtained from specimens from patients with similar age and smoking history who had normal lung function. Surgery for all patients was performed for the removal of isolated tumors suspected of being malignant. Normal tissue was excised from an area outside the perimeter of the mass and initiated into culture. Acquisition of samples was approved by the Human Studies Committee of the Medical Board of the State of Schleswig-Holstein, and all patients provided written, informed consent for the acquisition of material for research. The cells were cultured on 100-mm tissue culture dishes (Falcon; Becton-Dickinson Labware, Lincoln Park, NJ) with Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Biofluid, Rockville, MD), 50 U/ml penicillin G sodium, 50 g/ml streptomycin sulfate (penicillin-streptomycin; GIBCO, Life Technologies, Grand Island, NY), and 1 g/ml amphotercin B (Pharma-Tek, Huntington, NY). Cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 and passaged every 4 -5 days.
Induction of iPSCs. A commercial kit containing lentiviral particles with the four genes, Oct4, Sox2, Klf4, and c-Myc (Stemgent, Cambridge, MA), as described by Takahashi et al. (40) , was used according to the manufacturer's recommendation. Briefly, 10 5 lung fibroblasts from COPD and non-COPD subjects at passage 6 (three subjects each) were seeded in six-well plates. After 24 h, cells were infected with the four lentiviral particles at multiplicity of infection of 10, and Polybrene was added at 6 g/ml in DMEM. Twenty-four hours postinfection, media were replaced with fresh DMEM with 10% FBS. Cells were trypsinized 48 h later and were seeded on six-well plates containing a feeder layer of mitomycin-C (Fisher Scientific, Swedesboro, NJ) treated mouse embryonic fibroblasts, in DMEM with 10% FBS. Media were then switched to DMEM/F12 supplemented with 10 ng/ml FGF and 20% serum replacement (Invitrogen, Grand Island, NY), and plates were incubated at 37°C at 5% CO 2. Media were changed every 48 h, and, at day 12 postinfection, Rock inhibitor (Y27632) was added at 10 M for 24 h to enhance the colony formation (11) . Colonies were picked at days 21-28 and were reseeded on matrigel (BD Bioscience, San Jose, CA), and media were changed to mTESR1 (Stemcell Technologies, Vancouver, Canada). The time line for iPSC generation is shown in Fig. 1A .
Immunocytochemistry. iPSCs were cultured until subconfluence in eight-chamber slides (Nunc, Naperville, IL) in DMEM/F12 and fixed in 4% paraformaldehyde for 30 min. Cells were washed in phosphatebuffered saline before permeabilization and following each subsequent step. Blocking was performed using horse serum for 1 h. Permeabilization was performed in 0.1% sodium citrate buffer with 0.1% Triton at 4°C for 5 min. Cells were incubated with rabbit polyclonal anti-oct3/4, anti-sox2, or anti-nanog (Stemgent) at 1:200 dilution at 4°C overnight. Cells were then incubated with Cy3 conjugated anti-rabbit IgG antibody (Stemgent) and stained with propidium iodide after washing. Stained cells were visualized and photographed using a Nikon Eclipse TE300 microscope (Nikon, Tokyo, Japan) equipped with a DP71 digital camera (Olympus, Tokyo, Japan).
Real-time PCR. Total RNA was extracted using Trizol reagent (Invitrogen), and 1 g of total RNA was treated with DNase I to eliminate potential genomic DNA contamination. For cDNA synthesis, total RNA was transcribed using high-capacity cDNA reverse transcription kits (Applied Biosystems, Foster City, CA). Real-time PCR was performed for oct3/4, sox2, and nanog. Detection of messenger RNA (mRNA) was conducted in a total volume of 20 l using Taqman Gene Expression Assays and the ABI Prism 7500 (Applied Biosystems) following the manufacturer's instructions. As an internal control, the rRNA control kit (Applied Biosystems) was used.
Differentiation of iPSCs to hepatocytes (endoderm). Cells were differentiated toward hepatocytes following the protocol established by our group (5) . Briefly, iPSCs were placed in low-attachment petri dishes for 48 h in DMEM/F12 supplemented with 15% knockout serum replacement, 1 mmol/l nonessential amino acids, and L-glutamine (all from Invitrogen). For differentiation, embryoid bodies (EBs) were plated on 5% Matrigel-Growth Factor Reduced (BD Bioscience), and maintained for 3 days in DMEM/F12 media supplemented with 100 ng/ml recombinant activin-A (R&D Systems) and 100 ng/ml FGF-2 (Invitrogen). Cells were then grown for 8 days in DMEM/F12 containing 100 ng/ml hepatocyte growth factor (R&D Systems), followed by culture for 3 additional days in DMEM/F12 containing 10 Ϫ7 mol/l dexamethasone (Sigma-Aldrich, St. Louis, MO). To prove that cells were differentiated to hepatocyte-like cells, real-time PCR for hepatic markers, albumin (Alb), glucose-6-phosphatase (G6P), tyrosine transaminase (TAT), coagulation factor 7 (F7), cytochrome P-450 7A (CYP7A), and asialoglycoprotein receptor (ASGPR) was performed.
Differentiation of iPSCs to neurons (ectoderm).
To initiate differentiation, we followed the protocol by Delaloy et al. (12) . Briefly, iPSCs colonies were detached and grown as aggregates or EBs in suspension for 5 days in iPSCs medium without FGF-2. On day 5, 
Differentiation of iPSCs to fibroblasts (mesoderm).
Fibroblast differentiation was done following the protocol established in our lab using three-dimensional (3D) collagen gels (43) . Briefly, to prepare EBs, iPSCs were treated with 1 mg/ml collagenase, and cells were collected by centrifugation at 200 g for 2 min. The pellet was resuspended in differentiation medium containing 90% DMEM/F12, 10% serum replacement, 1% nonessential amino acids, and 1 mM L-glutamine. Cells were then placed into a bacteriological petri dish (Sarstedt, Nümbrecht, Germany) and cultured for 5 days. Floating EBs were collected into a 50-ml polypropylene conical tube (Falcon; Beckton-Dickinson Labware, Franklin Lakes, NJ) and precipitated without centrifugation.
Collagen gels were prepared as described previously (26) . Briefly, rat tail tendon collagen, distilled water, and 4ϫ concentrated DMEM were combined so that the final mixture resulted in 0.75 mg/ml collagen, with a physiological ionic strength of 1ϫ DMEM and a pH of 7.4. EBs were then suspended in the neutralized collagen solution. Aliquots (1.0 ml/well) of the mixture of EBs in collagen were then cast into each well of a 12-well tissue culture plate (Falcon) and allowed to gel. After gelation was completed, normally within 20 min at room temperature, basal media (1:1 mixture of differentiation media and DMEM/F12) were added on the top of gels in a 12-well plate (1.0 ml/well). The basal medium was changed every 2-3 days, and EBs were cultured for 21 days in the three-dimensional type I collagen gels. The cultured gels, into which differentiated fibroblasts had migrated, were then dissolved with 1 mg/ml collagenase at 37°C in a 5% CO 2 atmosphere for 1 h. The resulting cells were resuspended with DMEM containing 10% FBS (10% FBS-DMEM) and centrifuged at 200 g for 5 min. The cells, including the EBs, were cultured in a 100-mm tissue culture dish (Falcon) with 10% FBS-DMEM, 50 U/ml penicillin, 50 g/ml streptomycin, and 1 g/ml amphotericin B. When the fibroblasts, which grew as a monolayer, were near confluent, the cells were trypsinized and passaged in 10% FBS-DMEM. Differentiated fibroblast functions were assessed by gel contractions and chemotaxis, while fibroblast marker vimentin was assessed by immunohistochemistry. Cells were incubated with primary antibodies (vimentin and desmin) for 1 h. Cells were then incubated with FITC secondary antibodies and stained with propidium iodide after washing.
Teratoma formation. To determine the pluripotent capacity of iPSCs, 100 l of cell suspension containing approximately one million cells of each generated iPSC line were injected subcutaneously into the dorsal flank of nonobese diabetic/severe combined immunodeficient mice (two animals/cell line). Human ESCs from University of Wisconsin were used as a positive control, and PBS was used as negative control. Animals were checked every week for tumors, which were observed and recovered 5-8 wk after injection. The tumors were fixed overnight in 10% formalin, dehydrated, cleared, and paraffin embedded. Tissues were then cut into 5-m sections and stained with hematoxylin and eosin. All procedures performed on animals were approved by the University of Nebraska Medical Center Animal Care and Use Committee and were within the guidelines for humane care of laboratory animals.
Collagen gel contraction assay. Collagen gels were prepared as described previously (26) . Fibroblasts were trypsinized and mixed with the neutralized collagen solution so that the final cell density in the collagen solution was 3 ϫ 10 5 cells/ml. Aliquots (0.5 ml/well) of the mixture of cells in collagen were cast into each well of 24-well tissue culture plates (Falcon), and the mixture was allowed to gel. After gelation was completed, the gels were gently released from the 24-well tissue culture plates and transferred into 60-mm tissue culture dishes (three gels in each dish), which contained 5 ml of freshly prepared serum-free DMEM (SF-DMEM). The gels were then incubated at 37°C in a 5% CO 2 atmosphere for 3 days. Gel contraction was quantified using an Optomax V image analyzer (Optomax, Burlington, MA) daily. Data were expressed as a percentage of the initial gel size from three gels per cell line and in three different experiments. Human fetal lung fibroblasts (HFL-1) were used as a positive control for both gel contraction and chemotaxis assays (38) . HFL-1 cells were purchased from American Type Culture Collection (Rockville, MD). The cells were cultured in 100 mm tissue culture dishes (FALCON) in DMEM supplemented with 10% FBS, 50 U/ml penicillin G sodium, 50 mg/ml streptomycin sulfate, and 1 g/ml fungizone, and maintained at 37°C in a humidified 5% CO 2 incubator.
Chemotaxis assay. Cell migration was assessed using the Boyden blindwell chamber (Neuro Probe, Gaithersburg, MD), as previously described (7) . Briefly, 26 l of SF-DMEM containing human fibronectin (5 g/ml) were placed into the lower wells. Eight-micrometer pore polycarbonate membranes (Neuro Probe) were used. Cells were trypsinized and suspended in SF-DMEM at a density of 1 ϫ 10 6 cells/ml. Fifty microliters of cell suspension were then added into each upper well. Cells were allowed to migrate at 37°C in a 5% CO2 atmosphere for 6 h. Cells that had not migrated were scraped off the upper surface of the membrane, and the membranes were air-dried. Cells were then stained with PROTOCOL (Fisher Scientific) and mounted on a glass microscope slide. Chemotaxis was assessed by counting the number of cells in five high-power fields from three different experiments.
mRNA and microRNA preparation and microarray assay. mRNA and microRNAs (miRNAs) were extracted using mirVana miRNA Isolation Kit (Ambion, Applied Biosystems, Austin, TX) following the manufacturer's instructions. Hybridizations and microarray analysis for mRNA (Affymetrix Human Gene 1.0 ST Array) and miRNA (Affymetrix miRNAs Array), following the manufacturer's recommendations, were performed in the University of Nebraska Medical Center microarray core facility. Analysis of Affymetrix data were conducted with BRB Array Tools version 3.8.0 stable release, developed by Dr. Richard Simon (34) and the R programming language with Bioconductor project (30) . Low-level analysis, which converts probe level data to a gene level expression data as well as normalization, was done using RMA. Expression levels were analyzed on the log 2 scale. To visualize the data, we used hierarchical clustering to cluster genes and samples of significant gene lists. Results are displayed in heatmaps and dendrograms (25) . Genes were compared between groups with random variance t-tests (using paired tests if appropriate), and genes were considered differentially expressed by 0.5-fold or 2-fold with a false discovery rate of 10%.
Sample size and statistical analysis. All experiments were done in triplicate on separate occasions. For this study, we planned to perform independent tests between COPD and non-COPD groups and paired tests between the derived cell groups. With three arrays per group (6 total), we had 85% power to detect a twofold change between groups with an ␣-level of 0.01 and a two-sided paired t-test. This calculation assumes the log 2 standard deviation (SD) is 0.2 (based on our prior experiments), and the correlation between samples is 0.8.
The random-variance t-tests allows for sharing information among genes about variation without assuming that all genes have the same variance, which gives a more accurate estimate of the variability when sample sizes are small (45) . For real-time PCR data, collagen contraction and chemotaxis, Mann-Whitney test was used, and P Ͼ 0.05 was considered significant.
Ingenuity pathway analysis. To further investigate the potential functional significance of the expression pattern of mRNA in COPD fibroblasts compared with the reprogrammed and re-differentiated COPD-i cells, we compared the differentially expressed genes in the parent cells that were no longer differentially expressed in the reprogrammed cells, or vice versa. We sought to identify COPD-associated gene networks from these candidate genes to determine the cellular pathways that contained the genes that were differentially expressed in COPD compared with control fibroblasts. We used Ingenuity Pathway Analysis (IPA) software (version 7.6, Ingenuity Systems), a web-based application, which links the uploaded differentially expressed genes to a database of gene functions gleaned from the biomedical research literature that enables identifying relationships, biological mechanisms, functions, and pathways of relevance associ- Fig. 2 . In vitro and in vivo differentiation of iPSCs (3 non-COPD and 3 COPD) toward endoderm, ectoderm, and mesoderm germ layers. A: strategy for differentiation of iPSCs cells to endoderm (hepatocytes). RGF, reduced growth factor; FGF-2, fibroblast growth factor-2; HGF, hepatocyte growth factor; DEX, dexamethasone. B: real-time analysis for expression of lineage-specific hepatic markers [albumin (Alb), glucose-6-phosphatase (G6P), asialoglycoprotein receptor (ASGPR), tyrosine aminotransferase (TAT), cytochrome P-450 7A (CYP7A), and coagulation factor 7 (F7)] compared with human hepatocytes (HH). Genes were normalized to 18S rRNA (N ϭ 3 in each group). C: protocol used for neurons precursor differentiation representing ectoderm germ cells. D: immunocytochemistry of nestin and pax6 markers of ectoderm germ cells where nucleus was stained with DAPI (blue), neural progenitor markers nestin antibodies labeled with FITC (green), and pax6 antibodies labeled with Cy3 (red). E: strategy used to differentiate reprogrammed iPSCs into fibroblasts representing the mesoderm germ cells. SR, serum replacement; FBS, fetal bovine serum. ated with the molecules under study (15) . Briefly, a set of COPD genes that were differentially expressed by more or less than twofold from non-COPD and also from COPD-i was uploaded into the web-delivered application, and each gene identifier was mapped and placed in relevant molecular networks.
RESULTS
The first aim of the present study was to examine whether non-COPD and COPD fibroblasts could be reprogrammed to a pluripotent state. We utilized lentiviral transduction to induce iPSCs from lung fibroblasts of patients with or without COPD. Our initial attempt resulted in cells that formed colonies that resembled iPSCs and that expressed Oct3/4 and Nanog but not Sox2. These cells formed EBs but failed to differentiate into fibroblasts. We then modified the method by adding rock inhibitor and plating the picked iPSCs colonies on matrigel (BD) (Fig. 1A) . As shown in Fig. 1B , the iPSCs that formed under these conditions were very small and differ markedly from the characteristic spindle shape of fibroblasts. They formed colonies characteristic of stem cells and closely resembled iPSCs obtained from the University of Wisconsin (47).
Colonies expressed alkaline phosphatase, a pluripotency marker of stem cells. Furthermore, cells significantly expressed the message for markers of undifferentiation oct3/4, sox2, and nanog, measured by real-time PCR, compared with their corresponding fibroblasts (Fig. 1C) . No stain was detected using rabbit ire-immune sera (data not shown). In the same manner, colonies induced from both non-COPD and COPD also produced oct3/4 and sox2 proteins assessed by immunocytochemistry (Fig. 1, D and E) .
Pluripotency iPSCs derived from COPD and non-COPD fibroblasts. To confirm the pluripotency and self-renewal capacity of our iPSCs, we induced EBs in vitro and differentiated iPSCs in vitro toward cells that represent the three germ layers and in vivo through formation of teratomas in immune-compromised animals. iPSCs derived from all non-COPD and COPD primary cells were differentiated toward hepatocytelike cells utilizing the protocol outlined in Fig. 2A . These differentiated cells expressed Alb, G6P, TAT, ASGPR, F7, and CYP7A, markers of hepatic phenotype (Fig. 2B) . The differentiated cells also produced Alb levels detected by Western blot (data not shown). Similarly, iPSCs derived from all primary fibroblasts differentiated toward ectoderm (Fig. 2C) , as assessed by Nestin and Pax6 immunocytochemistry (Fig. 2D) . Finally, iPSCs derived from all primary fibroblasts differentiated into fibroblasts in the 3D collagen gel system (Fig. 2 , E and F). We further confirmed the pluripotency of the iPSCs derived from each primary fibroblast by formation of teratomas in immune-compromised animals. Eight of twelve animals injected with the six iPSCs generated (two animals each) were positive for teratomas verified by hematoxylin and eosin staining, which demonstrated that all three germ layers, mesoderm, endoderm, and ectoderm, were in the tumors (Fig. 2G) . Each of the iPSCs resulted in at least one animal that developed a teratoma.
Reprogrammed iPSCs differentiated toward functional fibroblasts.
We next assessed the function of the reprogrammed fibroblasts derived from iPSCs from non-COPD (non-COPD-i) and from COPD patients (COPD-i) and compared their function to that of the primary cells from which they were derived. As demonstrated in Fig. 3A , COPD primary fibroblasts contracted 3D gels less robustly than primary non-COPD cells (areas of the gels at day 3 were 77.3 Ϯ 3.8 and Table 2 for definition of acronyms. 49.00 Ϯ 1.2%. respectively, P Ͻ 0.002). Differentiated COPD-i and non-COPD-i fibroblasts contracted 3D gels to a similar degree (areas of gels at day 3 were 56.3 Ϯ 3.2 and 58.0 Ϯ 3.2%, respectively, P Ͼ 0.73). Importantly, the redifferentiated non-COPD-i and COPD-i fibroblasts contracted collagen gels to an extent similar to each other and to non-COPD parent cells (Fig. 3A) .
Chemotaxis of fibroblasts toward fibronectin demonstrated similar results. While primary COPD fibroblasts migrated less robustly than non-COPD (10.2 Ϯ 1.9 and 58.9 Ϯ 5.6, respectively, P Ͻ 0.001), COPD-i and non-COPD-i fibroblasts migrated to a similar degree (44.0 Ϯ 2.1 and 42.3 Ϯ 6.7 cells/5 high-power fields, respectively). This was significantly greater than that for parent COPD fibroblasts (P Ͻ 0.01, all comparisons). Chemotaxis of the re-differentiated fibroblasts was not as robust as that of parent non-COPD cells (75 and 72% for non-COPD-i and COPD-i, respectively), but this difference did not achieve statistical significance. These data suggest that differentiation of reprogrammed iPSCs from both COPD and non-COPD fibroblasts yield cells that are functionally very similar to each other for both gel contraction and chemotaxis, and that these cells resemble the functional activity of parental non-COPD cells.
As shown in Fig. 3C , COPD-i and non-COPD-i differentiated cells were positive for vimentin, a marker for mesenchymal phenotype, and negative for desmin. HFL-1 cells served as a positive control.
Global gene and miRNA expression. To further characterize the functional differences in the reprogrammed fibroblasts, we assessed global gene expression in the primary fibroblasts, iPSCs, and re-differentiated fibroblasts. All comparisons were done at false discovery rate of 1% and P value Ͻ 0.001. As demonstrated by both dendrogram (Fig. 4A ) and heatmap for clustering (Fig. 4B) , primary cells from both COPD and non-COPD patients were clustered together. However, COPD and non-COPD fibroblasts were distinguishable with 1,881 differentially expressed genes. A more stringent cutoff of less than 0.5-fold and higher than 2-fold revealed a total of 605 differentially expressed genes. At these cutoffs, COPD fibroblasts underexpressed 245 genes and overexpressed 360 genes compared with non-COPD fibroblasts. For the iPSCs as a group, there was markedly similar gene expression with a correlation value of 0.97. In iPSCs derived from non-COPD fibroblasts, only 13 genes were differentially expressed, with no genes overexpressed by 2-fold and only one gene underexpressed at 0.5-fold compared with iPSCs derived from COPD. Following redifferentiation, the fibroblasts derived from both COPD and non-COPD were more similar than the primary fibroblasts with differential expression of only 112 genes. COPD-i fibroblasts underexpressed three genes by 0.5-fold, and no genes were overexpressed by 2-fold compared with non-COPD-i. However, the differentiated fibroblasts were similar with a correlation in gene expression of 0.94. The differentiated fibroblasts were different from primary cells with a correlation value of 0.82. This suggests that our in vitro differentiation resulted in fibroblasts, but these fibroblasts differ from "authentic" lung fibroblasts. As expected, the iPSCs were quite distinct from both primary and differentiated fibroblasts with a correlation value of ϳ0.33.
To confirm that the reprogramming might restore abnormalities that are characteristic of COPD, we assessed the genes that were differentially expressed in parental cells that were no longer differentially expressed after reprogramming into iPSCs and redifferentiation. A total of 293 genes were differentially expressed between COPD and non-COPD that were no longer differentially expressed between COPD-i and non-COPD-i. Intriguingly, of 201 genes that were overexpressed in COPD compared with non-COPD parental fibroblasts and were reduced in COPD-i, 62 have been linked to lung diseases, and 23 have been related to COPD in the published literature (Fig. 4C,  Table 2, top) . Of the 92 genes that were underexpressed in COPD parental fibroblasts compared with non-COPD parental fibroblasts and were increased in COPD-i, 4 genes have been related to COPD (Fig. 4D, Table 2, bottom) .
Expression of microRNA demonstrated similar relationships. Parental COPD and non-COPD fibroblasts clustered together, the iPSCs derived from both types of parental cells resembled each other, and the re-differentiated fibroblasts derived from the iPSCs were more similar than the parental cells (Fig. 5A) . Figure 5B illustrates the heatmap for miRNA expression in all cells. Primary cells from both COPD and non-COPD patients were distinguishable with 56 differentially expressed miRNAs. However, only 4 miRNAs were underexpressed by 0.5-fold, and 25 miRNAs were overexpressed by Top: levels of genes that were expressed significantly higher in COPD by at least twofold at P value Ͻ0.001 compared with non-COPD and significantly reduced in the differentiated cells after reprogramming (COPD-i) by at least twofold at P value Ͻ0.001. Bottom: levels of genes that were expressed significantly higher in non-COPD by at least twofold at P value Ͻ0.001 compared with COPD and significantly elevated in the COPD-i cells by at least twofold at P value Ͻ0.001.
2-fold in primary fibroblasts derived from COPD patients compared with non-COPD patients. Reprogrammed iPSCs from both cells were similar in their miRNA expression, with only 13 miRNAs differentially expressed. After redifferentiation, the fibroblasts derived from both COPD and non-COPD primary fibroblasts were similar with only three miRNAs differentially expressed.
Relationships between differentially expressed mRNA and miRNA. To further assess the relationship between miRNA expression and their target in primary fibroblasts and the differentiated fibroblasts after reprogramming, we used the Target scan website to determine whether significantly underexpressed miRNAs in COPD fibroblasts have target genes that were significantly overexpressed compared with non-COPD and COPD-i fibroblasts, and vice versa. Table 3 presents 14 miRNAs that were significantly overexpressed and targeted three genes that were significantly underexpressed in COPD fibroblasts. In the same manner, three miRNAs were underexpressed and targeted six genes that were overexpressed in COPD fibroblasts (Table 3) . Interestingly, after redifferentiation, six miRNAs were overlapped and were corrected toward non-COPD values by reprogramming (Table 4) . These miRNAs and their targets are potential candidates for further studies to determine whether epigenetic factors could modulate differential gene expression in COPD by modulating microRNA expression.
Functional and pathway analysis in IPA. Genes that were significantly expressed (P Ͻ 0.001) in COPD with twofold change compared with non-COPD and COPD-i were further analyzed using IPA to determine the biological pathways in which genes that were differentially expressed were involved. The differentially expressed genes were involved in the pathways, "Cellular Movement, Cell to Cell Signaling, and Inflammatory Response." Figure 6 represents the network for 293 genes that were significantly expressed in COPD primary fibroblasts by more or less than twofold compared with non-COPD and COPD-i.
IPA analysis suggested several gene networks that involve activation of the inflammatory pathways, such as NF-B and interferon-␣,␤ pathways in COPD fibroblasts. IL-1R1, prostaglandin-endoperoxide synthase 2 (PTGS2), complement component 3 (C3), and toll-like receptor 4 (TLR4) were mapped in correlation to the inflammation of the respiratory system component as well as lung injury. Also, TLR4, transforming growth factor-␤, and C3 were mapped in correlation with construction of the bronchus. Klf4, and C-Myc) were sufficient to reprogram differentiated somatic cells into pluripotent stem cells. Fibroblasts from the lungs of patients with COPD are functionally different from fibroblasts from the lungs of non-COPD patients (31, 32, 42) . Whether an acquired phenotypic alteration due to "programming" of fibroblasts in COPD patients plays a role, or whether the differences reflect an underlying set of genetic abnormalities, or if both mechanisms play roles remains unknown. We used the reprogramming method developed by Takahashi and Yamanaka to address this question.
To determine whether epigentic factors play a role in determining the alteration in COPD fibroblasts phenotype, we generated iPSCs from fibroblasts from the lungs of three separate COPD patients and three separate non-COPD patients of similar age and smoking history and characterized these in terms of pluripotency, both in vitro and in vivo. Several studies have successfully generated iPSCs from a variety of tissues, including lung (36) , and from patients with different diseases (3, 8, 13, 24) . The present study demonstrates the generation of iPSCs from lung fibroblasts from non-COPD and COPD patients. Interestingly, to generate authentic iPSCs, we needed to slightly modify the method described by Takahashi and Yamanaka, suggesting that lung fibroblast programming may differ from the more commonly used skin fibroblasts.
Several lines of evidence support our generation of iPSCs from lung fibroblasts. In concordance with previous studies, morphology, immunostaining, and expression of markers associated with pluripotency, including oct3/4, sox2, nanog, and alkaline phosphatase, were all consistent with the generation of iPSCs. Furthermore, under appropriate conditions, our lungderived iPSCs readily formed EBs and differentiated in vitro into cells expressing markers of ectoderm, mesoderm, and endoderm. Moreover, when injected into immunodeficient mice, our iPSCs induced tumors containing differentiated derivatives of the three germ layers (4, 18, 23, 39, 40 ).
Several studies from our laboratory and from others have compared lung fibroblasts from COPD patients to fibroblasts from the lungs of non-COPD subjects. These studies demonstrated a variety of functional differences and differences in gene expression (14, 20, 27, 28, 42) . These differences persist in culture, suggesting that they are not solely an acute response to the inflammatory milieu in the lung in COPD, but reflect a difference in differentiated phenotype. A major question is whether these differences reflect underlying genetic differences or represent an acquired alteration, or both.
Cellular differentiation frequently involves epigenetic alterations that modify gene expression and cellular function. Reprogramming of somatic cells to iPSCs largely erases this epigenetic programming. In the present study, the process of reprogramming of lung fibroblasts into iPSCs followed by redifferentiation into fibroblasts, largely eliminated the functional and gene expression differences that were present in COPD compared with non-COPD fibroblasts. This is consistent with epigenetic mechanisms being responsible for the functional differences in COPD fibroblasts. Importantly, reprogramming and redifferentiation did result in very similar fibroblasts morphologically at the different stages of reprogramming and redifferentiation, but they were not completely identical in terms of mRNA and miRNA expression. Whether this is due to incomplete reprogramming of epigenetic modifications or to underlying genetic differences remains to be determined.
The genes that were differentially expressed and were reprogrammed through the process of iPSC formation and redifferentiation are consistent with current concepts of COPD pathogenesis. Several genes in inflammatory pathways associated with COPD, including the NF-B, the P38 MAPK, and the IFN-␤ pathways, were identified. The IPA analysis revealed particular genes, IL1R1, PTGS2, C3, and TLR4, that are connected to lung injury. The expression levels of these genes were in accordance with previous studies (1, 2, 6, 33 ). In addition, we found significant reduction of hedgehog interacting protein (HHIP) in COPD compared with non-COPD fibroblasts and to COPD-i fibroblasts. HHIP expression at both mRNA and protein levels is reduced in COPD lung tissues (10, 48) . In addition, HHIP has been identified as a COPD-related gene in genome-wide association studies, and the single nucleotide polymorphisms involved appear to modify HHIP expression. While the role of HHIP in the development of COPD is undefined, our results suggest that both genetic and epigenetic mechanisms could contribute to altered HHIP expression.
Our approach to reprogramming was to induce iPSCs. It is possible that reprogramming strategies that are not as complete could also eliminate the epigenetic modifications that contrib- ute to the functional differences between COPD and non-COPD fibroblasts. Defining the mechanisms required to reprogram and to eliminate these functional differences could have therapeutic implications. In this regard, deficient repair functions in lung fibroblasts have been suggested to contribute to the pathogenesis. If reprogramming of lung cells is possible and could restore lung repair, it may be possible to slow or reverse the progression of emphysema. How fibroblasts are reprogrammed in COPD remains to be defined. However, cigarette smoke is reported to lead to a variety of epigenetic alterations (22, 46) . In addition, aging is associated with epigenetic modification. Epigenetic modifications due to such pathways could contribute to the persistent inflammation and progressive disease that characterizes COPD, even after smoking cessation (19, 37, 44) . The possibility that epigenetic modifications can be reprogrammed suggests a novel strategy to target this problem.
Our study has several limitations. First, we focused on lung fibroblasts. Other structural cells, including endothelial cells and airway and alveolar epithelial cells, are also altered in COPD. Our study did not address whether epigenetic alterations that are potentially reprogrammable are present in these cells as well, but our study suggests a strategy to address these questions. Second, primary cultures of lung cells are heterogeneous populations. The iPSCs are derived clonally from single cells. It is not possible, with the current technology, to ascertain the function of the individual cell from which each iPSC clone was derived. It is possible, therefore, that the iPSCs were derived from a cell that differs from the majority of the fibroblasts that contribute to the functional features present in COPD. Our results do demonstrate, however, that cells from COPD patients, if reprogrammed by forming iPSCs, can result in fibroblasts that more closely resemble fibroblasts from normal and support the concept that COPD patient fibroblasts express acquired alterations in function.
In conclusion, the present study demonstrates that human lung fibroblasts from COPD and non-COPD subjects could be reprogrammed to form iPSCs and then be redifferentiated into fibroblasts. Redifferentiated fibroblasts from COPD and non-COPD were morphologically and functionally very similar, with significantly fewer mRNAs and miRNA differences compared with their corresponding primary fibroblasts. The present study, therefore, suggests that epigenetic changes, which can be reprogrammed, contribute to the functional alterations present in fibroblasts derived from COPD patients.
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